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1.   INTRODUCTION 
 
 
 
 
     The electromagnetic properties of composite materials have come under significant 
investigation since the time of Faraday and Maxwell leading, in modern times, to a great deal 
of attention towards improving upon the basic understanding of the dielectric and magnetic 
properties of composites due to the potential for a wide range of technological innovations.  
In many engineering disciplines, a broad understanding of the physics behind the many 
disparate systems comprising heterogeneous materials would lead to immediate 
improvements in a broad range of applications.  The range of potential technological 
improvements spans the range from electromagnetic shielding to sensors, electrical 
insulation, integrated circuits, electromagnetic heating, and increasing power handling, 
temperature control, and material mechanical properties.  With such a wide range of 
possibilities, significant research is spent on empirical evaluation of material properties, but 
mounting evidence points at overriding physical principles applying to a wide range of 
composites, necessitating a need for physical models that can predict material properties A 
priori without the need for direct measurement of each individual system.  Once such 
overriding principles are understood, theoretical computational investigation can lead 
researchers quickly towards the particular composite material structures necessary for a 
specific application.  Unfortunately, the understanding from a physical perspective of 
composite materials is far from complete and remains an outstanding problem in condensed 
matter physics. 
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     Composite materials themselves are typically defined as two or more materials combined 
together in which the individual material geometries or states are kept distinct as separate 
components and then mixed or put together to form a whole which has properties distinct 
from that of the individual constituents.  Examples would include for instance a composite 
formed from multiple materials bonded together in layers or a homogeneous medium filled 
with randomly dispersed particulate inclusions.  Technological interest stems from the 
combination, in which the sum total properties of the composite differ from the individual 
properties of the constituents.  Typically, a reductionist approach is then followed, to 
understand the composite properties from an understanding of the properties of the individual 
components from an underlying physics perspective.  
     In this investigation, composites consisted of a matrix material with spherical particulate 
inclusions uniformly dispersed throughout the host.  Scientific interest thus assumes the role 
of investigating such material properties as percentage volume loading of inclusion material, 
particle conglomeration, particle size scale, percolation limiting effects of particle contact, 
and electromagnetic coupling between particles and the resulting electromagnetic properties 
of the composite.  Interesting phenomena is observed when the matrix material is inherently 
non-conducting while the inclusion material conducts or exhibits magnetic properties.  Once 
a particular interesting physical parameter is examined the other material parameters are held 
constant so that the effects of the parameter of interest can be studied in a controlled 
environment.  For instance, if the volume-loading fraction of the composite material is to be 
examined, then the other material parameters are held at set values while varying the loading 
fraction through a range so as to determine its effect on the electromagnetics of the 
composite material. 
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     In this investigation, two distinct studies are conducted utilizing a host, non-conductive 
dielectric medium with dispersed spherical ferromagnetic inclusion particles.  The studies 
concentrated on determining the intrinsic electromagnetic parameters of permittivity and 
permeability of the composite material.  The experimental methodology utilized consisted of 
a broadband transmission/reflection measurement system utilizing a vector network analyzer 
to obtain scattering measurements of a composite sample in the microwave frequency range, 
and is discussed in detail in chapter 2.  Permittivity and permeability measurements were 
determined from the magnitude and phase of the scattered electromagnetic radiation 
according to a fixed algorithm which will also be discussed in subsequent chapters.  Thus the 
electromagnetic properties of the material could be measured for a wide range of frequencies.         
     The first experiment studied the effects of relative humidity on a composite material 
consisting of a polymer host matrix with spherical ferromagnetic inclusion particles 
dispersed randomly throughout.  The electromagnetic properties of the material were studied 
with variation in the relative humidity of the curing polymer matrix over the frequency range 
of 0.5 to 18 GHz as a function of the day of cure of the polymer matrix.  Relative humidity 
was controlled utilizing humidity chambers containing specific saturated salt solutions.  In 
this way, the uptake of water into the composite material and its effects could be examined as 
a function of time for a range of microwave frequencies.  It was determined that the relative 
humidity during polymer cure had a significant effect upon the resultant dielectric properties 
of the composite material.  The exact nature of the experimental procedure as well as the 
results is examined in detail in chapter 3.  The goal of the investigation is to determine the 
impact of the relative humidity during the polymer cure process on dielectric and magnetic 
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properties of the material as a function of time, and whether significant electromagnetic 
absorption alteration is evident. 
     In the second experimental endeavor, a composite was created utilizing paraffin wax as a 
dielectric host matrix and ferromagnetic iron and nickel inclusion particles were used as the 
filler.  In this case, volume-loading fraction was the parameter under investigation.  The 
experimental methodology is presented in chapter 4.  In this case, theoretical modeling was 
conducted to match and eventually predict the electromagnetic response of the composite 
material as the volume loading of inclusion material was increased.  Several theoretical 
models were utilized to determine which performed better for the system under study both 
for permittivity and permeability determination.  Experimental measurements were 
conducted to determine the validity of each of the theoretical models.  The goal of this 
investigation is to determine which system models produce the best match with the 
composite materials under differing circumstances so that the models can be used as a priori 
indicators of composite material performance for various applications particularly 
electromagnetic absorption. 
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2.   EXPERIMENTAL PROCEDURE AND ANALYSIS 
 
 
     For many applications in material science and other areas of scientific endeavor, 
broadband measurements of the constitutive electromagnetic parameters of complex 
permittivity and permeability are necessary.  Information obtained from measurements of the 
complex permittivity and permeability for materials or structures have received a great deal 
of attention in modern times due to the prospect of engineering such materials or structures 
for desired properties and functional purposes.  The importance of a reliable and accurate 
measurement technique has thus reached a considerable level of importance. 
     In the past, well-designed techniques for measuring the permittivity and permeability of 
materials were utilized for either discrete or very narrow frequency ranges.  These techniques 
include capacitor-based measurements, designed for lower frequency ranges, and cavity 
resonant measurements, which work well for a wide range of frequencies.  The capacitor 
based studies fail to produce good results for higher frequencies due to radiative losses and 
non-optimized coupling problems, limiting their applicability, while the drawbacks of the 
cavity resonator are that, though applicable to higher frequency, they cannot produce 
measurements for a wide range of frequencies without the construction of separate cavities, 
limiting broadband measurements. 
     With the advent of the modern vector network analyzer or VNA, however, true broadband 
measurements of the complex permittivity and permeability can be accomplished, even for 
high frequency.  A VNA is essentially a tuned receiver, similar to a scalar network analyzer 
except that it adds the capability of measuring not only the magnitude of a signal but also the 
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phase.  With the measurement of phase included, true measurement of the scattering for a 
given device-under-test or DUT become possible [1].  Figure 2.1 below demonstrates 
schematically how the phase information is retained.  Note also that the particular VNA 
utilized in this investigation operates in the microwave frequency region as indicated in the 
diagram. 
 
Figure 2.1:  Schematic diagram of the splitting of the signal in a VNA so as to determine the 
phase as well as the magnitude. 
 
 
The measured scattering, both forward and reverse relative to the DUT, provides the 
necessary information to determine the characteristics of the DUT.  S-parameters are the 
short hand way of describing this scattering process.  Typically they are presented in the form 
of Sij, where the subscript “i” represents the signal origination, while the subscript “j” 
represents the signal termination.  This is presented schematically in figure 2.2 for a 2-port 
network [1].   
     Utilizing the measured values of the various scattering parameters produced by a DUT 
attached to a VNA, the permittivity and permeability relate back directly to the relevant 
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scattering equations.  Two well-referenced methods which utilize the scattering parameters in 
relative simplicity are the transmission/reflection (TR) and short-circuit-line (SCL) methods.  
Other methods documented in the literature include time-domain techniques initially 
presented by A.M. Nicholson and G.F. Ross [2].   
 
Figure 2.2:  Schematic representation of the scattering processes measured by a vector 
network analyzer. 
 
 
Sticking strictly to the frequency domain, the transmission/reflection and short-circuit-line 
methods are the most cited in the literature.  In these methods a sample is placed in a section 
of waveguide or coaxial transmission line and the S-parameters measured with a VNA.  In 
the SCL method, typically known parameters are sample length, reference plane position, 
and distance to the short circuit, yielding four unknown quantities for complex permittivity 
and permeability.  The required equations to solve for these unknowns are determined from 
S-parameter data by taking two measurements for reflection data at two separate points along 
the transmission line, yielding four real equations for the four unknowns [3]. 
     In the transmission/reflection method one has all four scattering parameters available so 
there are more equations available to solve for the unknown quantities.  In particular, the 
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unknown quantities may include complex permittivity and permeability, sample length, and 
two reference plane positions.  The system of equations is in general overdetermined and can 
be solved by various methods [3].    
     To accommodate the true broadband measurements possibilities of the VNA, Nicholson, 
Ross, and Weir introduced a method of solving the electromagnetic equations of the system 
so as to decouple the complex permittivity and permeability [2,4].  The final form explicit 
equations for the complex permittivity and permeability are expressed in terms of the 
scattering parameters and the unknown quantities given for the T/R method. 
     Of the methodologies available for measurement of the complex permittivity and 
permeability, only the transmission/reflection method was utilized in this investigation.  
Measurements were conducted with an Anritsu 37347C Vector Network Analyzer 
incorporating an S-parameter test set and operating in the 0.5 to 18 GHz microwave 
frequency region.  Furthermore, the test port cables used are 7mm coaxial transmission lines 
and the sample holder is a Maury Microwave LPC7 7mm coaxial beadless airline with a 
voltage standing wave ratio or VSWR of 1.003:1 maximum at 18 GHz.  The dominant TEM 
mode is ensured up to 18.2 GHz before higher order modes are excited in the 7mm coaxial 
transmission line [3].  
     To establish the complete formulation of the Nicholson, Ross, and Weir or NRW method, 
one starts from basic principles.  The theory is summarized below, from references 1, 2, 3 
and 4.  If one inserts a sample into either a waveguide or a coaxial transmission line and 
subjects it to an incident electromagnetic field one can establish the scattering equations from 
analysis of the field at the sample interfaces.  Figure 2.3 below shows schematically the 
sample set up inside the waveguide or transmission line [3]. 
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Figure 2.3:  Material sample in a region of transmission line demonstrating the break up of 
the electromagnetic field at the boundaries into three distinct regions. 
 
 
If the assumption of TEM mode wave propagation exists inside the coaxial line or TE10 mode 
in a waveguide, indicating only fundamental mode wave propagation, then the spatial 
distribution of the normalized electric field can be written as: 
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where the regions Ω1, Ω2, and Ω3 represent the three distinct regions of figure 2.3.  The 
propagation constants in equation 1 above can be written as: 
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where the complex permittivity and permeability can be expressed respectively as: 
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The variables cvac and clab are the respective speeds of electromagnetic propagation in the 
vacuum and laboratory respectively, ω is the angular frequency of the field, and λc is the 
cutoff wavelength for the transmission line.  The constants Ci are determined from boundary 
conditions at the interfaces based upon the property that the tangential component of the 
electric field at the interfaces is continuous.  Since we assumed that either the TEM or TE10 
mode was dominant, then the electric fields have only a radial component and thus: 
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 )()( 11 32 llxEllxE +==+= ΩΩ          4), 
where llllair ++= 21 is the length of the air-line, l1 and l2 are the distances from the 
respective ports to the sample faces, and l is the sample length [3].  To establish two more 
field equations from Maxwell’s equations, one must consider the magnetic field.  If one 
assumes that no surface currents are set up on the sample faces, which is a good assumption 
for most dielectric materials, then the tangential components of the magnetic field, utilizing 
Maxwell’s equations, give: 
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Solving equations 1 subject to the boundary conditions 4 and 5 according to the NRW 
procedure yields expressions for the scattering parameters [2,3], 
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where the last equation holds for linear isotropic materials and the respective calibration 
reference positions are given by: 
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Furthermore, the transmission coefficient, z, is defined as: 
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One can define the reflection coefficient, Γ, as: 
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which for coaxial transmission lines reduces to: 
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since the cutoff frequency approaches zero.  Utilizing all of the possible equations gives a 
total of nine real equations with which to work.  For non-magnetic materials we have a total 
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of five unknowns, while for magnetic materials we have seven unknowns.  The system is 
thus overdetermined and many methodologies are possible for arriving at results for the 
given unknowns. 
     The NRW method of solving this overdetermined system, which can be applied 
systematically to both magnetic and non-magnetic materials, begins by combining the 
transmission and reflection coefficients as [2]: 
 11211 SSV +=  
 11212 SSV −=                                     11). 
If we now combine these together as: 
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then the reflection coefficient can be written as [2]: 
 12 −±=Γ XX                               13), 
where the appropriate sign is chosen such that 1≤Γ .  The transmission coefficient can also 
be written in terms of this as [2]: 
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From equation 10 above, the ratio of complex permeability to complex permittivity can be 
written as [2]: 
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The product of the permeability and the permittivity can be written as [2]: 
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Utilizing equations 15 and 16 allows one to create expressions for the complex permittivity 
and permeability that are decoupled, thus greatly simplifying in practice the computation of 
the intrinsic parameters from the scattering parameters [2]: 
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     One must be careful when utilizing the NRW algorithm, however, due to several distinct 
drawbacks.  First, equation 16 is multivalued with an infinite number of roots for magnetic 
materials due to the logarithm of complex numbers.  In order to find the correct root, it 
becomes necessary to measure the group delay and compare to the theoretically calculated 
group delay.  To find the correct root, the calculated group delays are matched with the 
measured group delays using )2(lnln njzz piθ ++= where n = 0, 1± , K2± .  The 
calculated and measured group delays can be determined from [3]: 
 22
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                                           18), 
where φ is the measured phase. 
     Another important drawback that must be taken into account when using the NRW 
algorithm is that, due to large phase uncertainties, for low-loss materials the NRW equations 
become divergent at integral multiples of one-half wavelength in the material.  At these 
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points in frequency space where the equations diverge, the magnitude of the S11 parameter 
becomes very small.  Associated uncertainties with a small S11 at these frequencies become 
quite large, and the uncertainty dominates the solution.  To remove this problem the usual 
recourse is to only use small sample lengths, L.  This, however, only causes the uncertainties 
in L to become more prominent, and the sensitivity of the measurement process is reduced. 
     If one is dealing primarily with non-magnetic materials, another option for greater 
simplification arises.  This comes from the fact that the reference plane positions can be 
eliminated from the final form equations, a great simplification as these positions, or more 
specifically L1 and L2 are not typically known to high precision.  Several equations exist of 
this form, however, the one which has found the most utility in this investigation, primarily 
for its stability is given by [3]: 
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     Another option that is cited highly in the literature, as a means of dealing with the 
instabilities of the frequency point-by-point methods and the encountered high levels of 
measurement uncertainty, is to apply some sort of reduction technique to minimize the error. 
In particular, J. Baker-Jarvis, R. G. Geyer, and P. D. Domich present a method based upon 
non-linear least squares regression with causality constraints to the problem of determining 
the permittivity and permeability [5,6].  The advantage offered is that correlation between 
frequency points occurs, not seen in point-by-point methods.  In this method, the scattering 
equations are solved over the entire frequency range with a regression algorithm using the 
point-by-point methods including the NRW algorithm as a starting point.  The NRW 
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algorithm provides good initial conditions for the unknown starting parameters required for a 
regression model to function.  The complex permittivity and permeability are found from 
estimates for the coefficients of a pole-zero model for these parameters which contains 
linearity and causality constraints [5].  The general form for permittivity and permeability 
uses an expression in terms of a Laurent series of the form: 
 ∑
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b
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where ai, and bi are complex scalars under all “i”.  The solution procedure used picks off the 
first two terms of this expression such that: 
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The problem thus reduces to finding the associated A’s and B’s from the minimization of the 
sum of the squares of the uncertainties between the predicted and observed S-parameters: 
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is the corresponding predicted scattering parameter.  Since the magnitude of a complex scalar 
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Utilization of this method tends to produce better results than any point-by-point method 
alone, and eliminates the strong discontinuities exhibited at integral multiples of half-
wavelength in the sample observed for the NRW procedure.   
     The method can be further improved to account for both adjustments to the model inputs 
such as sample length and sample position in the waveguide.  Since these quantities are 
typically known only to within a potential range of values, the regression model can include 
these along with a required slight perturbation.  This perturbation allows the user to account 
for measurement uncertainty.  In particular, since uncertainty in the initial conditions for 
sample position in the waveguide affects the value of the phase in the reflected S-parameter 
data, an additional parameter, β, is included in the reference plane transformation given by 
equation 7 above.  The new reference plane position can be written as [5]: 
 
])[(
1
110 LLeR βγ +−=
                                     25). 
Similarly, uncertainties in the sample length can be included by parameterization of the 
uncertainties associated with all involved lengths.  For instance, the total length of the sample 
can be written as [5]: 
 )()(
21 21 LLLair LLLL air βββ +++−+=            26). 
     Another inclusion to the regression model that can be implemented is that of higher order 
modes.  In samples with a high dielectric constant, the observed S-parameter data may have 
resonance due not only to the fundamental frequency of the waveguide, but also to higher 
order frequencies arising either in the sample material alone or due to discontinuities in the 
sample interface or inclusions in the sample body.  The regression model implementation of 
higher order modes is a simple extension of the regular regression model with the inclusion 
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of scaling parameters in the equations that depend upon the cutoff wavelength, in particular 
the equations for the S-parameters, equation 6 above.  The cutoff wavelength of the higher 
order modes is represented by 2cλ .  The following approximate model can be used in the 
standard regression algorithm [5]: 
 )()( 211111111 cc SSD λβλ +=  
 )()( 22121211221 cc SSDD λβλ +==  
 )()( 222312222 cc SSD λβλ +=                                       27). 
     Of the various methods of implementing a non-linear regression model, several software 
packages make the task a great deal easier.  In particular, the ODRPACK software for 
weighted orthogonal distance regression allows for easily entered initial conditions, as well 
as all of the perturbation cases arising for uncertainties and higher order modes.  Such a 
platform is utilized by J. Baker-Jarvis, R. G. Geyer, and P. D. Domich in the solution of 
permittivity and permeability determination at the National Institute of Standards or NIST 
[5].  The ODRPACK can also solve the ordinary nonlinear least squares problem, contains 
methods for reducing computational cost, and contains extensive error checking and report 
generating capabilities. 
     In examining the potential application of the above methodologies for the determination 
of the complex permittivity and permeability, several steps are necessary to demonstrate the 
validity of the process from in laboratory measurement to the final result.  In particular, the 
validity of the NRW algorithm and reference plane independent algorithm utilizing equation 
19, denoted as the sinh algorithm, will be examined.  To test for validity, several independent 
steps are examined.  First, the reproducibility of results for permittivity and permeability in 
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the conversion of permittivity and permeability to S-parameters and back using the NRW and 
sinh algorithms respectively is examined.  Next, the measurement validity of the calibration 
of the vector network analyzer is examined by processing real world data for an empty 
sample holder to demonstrate values of permittivity and permeability of approximately one 
for air.  For the NRW algorithm, further measurement consideration of the necessity of strict 
observance of the reference plane positions, particularly the effect of known deviations from 
a set reference plane position value will be examined.  Finally, it is necessary to account for 
the potential of sample to sample-holder mismatches by introducing an air-gap correction to 
the NRW and sinh algorithms. 
          The first priority in examining equation 19 is to examine its stability in reproducing a 
range of input permittivities.  To this end code was necessary to determine the S-parameters 
from arbitrarily input values of the complex permittivity.   
The code utilized, written in the Mathematica language, produces a table of S-parameters 
corresponding to a range of input permittivities from 0.1 to 100.1 in both the real and 
imaginary parts.  The range selected is arbitrary, but represents a wide range in permittivity 
and should be a good measure of the stability of the algorithm.  Since the sinh algorithm is 
reference plane independent, these parameters were not of use in the resulting code; however, 
the sample length utilized was arbitrarily chosen.  Figure 2.4 below shows the absolute error 
between the input complex permittivity and the resulting complex permittivity determined 
from the sinh algorithm.  Notice that except for when the input permittivity was very close to 
zero, the output permittivity had an absolute error on the order of 10^(-13 or -14).  This 
demonstrated the stability of the sinh equation over the input range of 0.1 to 100 for 
permittivity. 
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Figure 2.4: 
The relative error between the input and output permittivities for the sinh algorithm.  The x-
axis is simply the number of the input permittivity so the left side is an input permittivity of 
0.1+0.1j and the right side is an input permittivity of 100.1+100.1j.  The error is found from 
(input-output)*100%/input. 
 
 
 
 
     Again, of significant importance in examining the functionality of the NRW code is to see 
its stability in reproducing permittivities from a range of input permittivities converted into 
corresponding S-parameters.  To do this, the same code was implemented in producing the S-
parameters as is presented in figure 2.5 below.  Again, we are examining a range of input 
permittivities from 0.1 to 100.1 for both real and imaginary parts.  This should give us a 
broad range under which the stability can be observed.  Notice also that the values for the 
parameters for L1 and L2 are set to zero.  If this is not so the results are significantly different 
from the input permittivities.  An arbitrary sample length was included.  Figure 2.5 below 
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shows a printout of the relative error between the output and the input.  In this case the error 
was found to be on the order of 10^(-13), thus the algorithm seems stable for the range of 
input epsilons between 0.1 and 100.  The observed patterning must be due to the internal 
workings of the Mathematica software itself, and is not significant. 
200 400 600 800 1000
-2×10-13
-1×10-13
1×10-13
2×10-13
 
Figure 2.5: 
The relative error between the input and output permittivities for the NRW algorithm.  The x-
axis is simple the number of the input permittivity so the left side is an input permittivity of 
0.1+0.1j and the right side is an input permittivity of 100.1+100.1j.  The error is found from 
(input-output)*100%/input. 
 
 
     Next, the validity of the calibration of the VNA is examined by the measurement of 
known samples and comparing the measured output to the expected values.  First, a simple 
throughline measurement is observed.  In essence, the empty sample holder provides a 
measurement of the relative permittivity of air, which is known to be in the range of 1 to 
1.005 ±  0j over the frequency range of 0.5 to 18 GHz.  The results are shown in figure 2.6 
below, utilizing the sinh algorithm for determination of the permittivity and permeability.  As 
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can be seen, except for a small resonance at about 2.5 and 12.5 GHz, the results show good 
agreement with expected values. 
 
Figure 2.6: 
Calculation of the permittivity from data taken from the VNA for an open air-line.  Notice 
that the real part closely approximates 1 while the imaginary part does the same for zero, 
both with perhaps a maximum of 5% error.  The x-axis is frequency. 
 
 
Next, the measurement technique is used to determine the permittivity of a sample of the 
material Rexolite.  This particular material is well known as a standard and used for 
permittivity measurements.  It has a complex permittivity of 2.53 ±  0j.  Using the sinh 
algorithm of equation 19 again due to its stability over the NRW algorithm, the permittivity 
was calculated over the frequency range 0.5 to 18 GHz.  The results are presented in figure 
2.7 below.  As can be seen, the results agree over most of the frequency range except at high 
frequencies with an error of about 1% over much of the range with a maximum error of 6%.  
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again, good agreement of measurement with expected occurs, and the system measurement 
capability seems justifiable. 
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Figure 2.7: 
Utilization of equation 19 for measurement of values for real relative permittivity of a 
Rexolite sample over the frequency range of 0.5 to 18 GHz.  The expected value is 2.53, and 
thus the measurement shows good agreement with this standard material. 
 
 
     The NRW algorithm, as has been discussed above, suffers from the added difficulty of 
being dependent upon the exact placement of the sample within the sample holder.  The 
reference planes of the sample faces are thus of importance in the calculation of the 
permittivity and permeability.  Of great importance, then, is the extent that permittivity and 
permeability calculations are thrown off due to uncertainty in the reference plane positions.  
If one starts with an arbitrary value for the complex permittivity and then uses equations 6 
above to calculate the S-parameters, one can then recalculate the complex permittivity while 
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introducing small set values for the uncertainty in the reference plane positions, since the S-
parameters were calculated assuming no discrepancy in the reference plane positions.  The 
sample cell utilized in this investigation is 10 cm long, so one can assume a sample 1mm 
long posited at one end of the sample holder to have reference position lengths L1 and L2 to 
be 0.099 and 0.000 respectively.  Using this as are position of zero uncertainty, and knowing 
that the algorithm introduces uncertainty on the scale of 10^(-13), the calculated permittivity 
should come out the same as the arbitrarily chosen one prior to the determination of the S-
parameters.  Now, choosing uncertainties of 0.1, 0.5, 1, and 1.5 mm, we shift the sample in 
the sample cell without adjusting the code to compensate for this change in position.  The 
result for real and imaginary permittivity is presented in figure 1.8 below.   
 
Figure 2.8: 
Shift in calculated complex permittivity for an expected permittivity of 3 ± 2j.  Notice that the 
deviation increases with frequency for increasing sample misplacement.  The upper and 
lower-most curves representing the highest error, while the middle two curves with flat 
perspectives indicate the case where no error was introduced. 
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One can see that even for a starting permittivity of 3 ± 2j, the results are significant.  At 18 
GHz, the error associated with moving the sample 0.1 mm corresponds to a shift in real 
relative permittivity of 3.33%, while the shift for the error associated with moving the sample 
1.5mm corresponds to a shift in real relative permittivity of 40%.  It is thus of significant 
importance to minimize the uncertainty associated with sample position along the sample 
cell.  Figure 2.9 below demonstrates the exact effect with the same associated uncertainty 
upon the real and imaginary relative permeability.  In this case, the uncertainty does not 
increase with frequency, but causes a bowing effect in the permeability. 
 
Figure 2.9: 
Shift in calculated complex permeability for an expected permeability of 1 ± 0j.  Notice that 
the deviation increases with frequency for the imaginary component, while bows out and 
then reduces for the real component.  Again, the flat curves represent the cases where no 
error was introduced. 
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The reason that the error in the reference plane position causes such drastic changes to the 
calculated permittivity and permeability comes from its affect upon the S-parameters.  For 
instance an uncertainty in reference plane position of L∆ introduces a change in the value of 
the S-parameters in an exponential manner [3]: 
 
 )](2exp[ 11011112111 LLjSeSRS j ∆+−== γθθ                     28). 
 
Strict attention must be observed, or rather, choice of a reference plane invariant algorithm is 
preferred. 
     Finally, in order to correct for the possibility of mismatch between the sample in the 
sample holder, and the inner and outer conductors of the sample holder itself, one must apply 
an air-gap correction to the calculation of the complex permittivity and permeability.  Many 
possibilities exist for a model of a sample with air-gap, but the one most utilized is to assume 
that the air-gap between sample and waveguide is essentially a set of capacitors in series [3].  
Figure 2.10 below demonstrates schematically the desired set-up for the capacitor model. 
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Figure 2.10:  Schematic representation of a sample in a sample holder with a separation gap 
between both the outer and inner conducting surfaces. 
 
 
If one considers a capacitor in which the layers alternate between dielectric and air within a 
coaxial line.  Treated in series, the capacitors behave according to: 
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We know that the electric field between the inner and outer conductors for arbitrary coaxial 
geometry to be given by: 
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where a and b are the inner and outer radii respectively, and the voltage is given by: 
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b
a
drrEV )(                                                      31). 
The capacitance of a given length is then given by: 
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where '' , mc εε are the corrected and measured values of the real part of the relative permittivity 
and '1ε  is the real part of the relative permittivity of the air-gap.  Solving for the corrected 
permittivity yields [3]: 
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Figure 2.11 below demonstrates the effect of the air-gap correction on the real relative 
permittivity of S60 glass microbubbles in paraffin wax.  The inner and outer radii were 
measured with a traveling telescope micrometer with an accuracy of 0.001 ± mm.  As can be 
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seen, a significant alteration in the values results when the air-gap correction is compared to 
the uncorrected data.  Subsequent studies indicate that the primary contributor to the 
uncertainty caused by air-gaps arises from the gap around the inner conductor in the coaxial 
line.  At this point, Rexolite samples were prepared where the inner conductor of two 
samples were drilled out so as to create a medium level and a significant air-gap.  A Rexolite 
sample was also prepared such that a very tight fir was observed so as to eliminate any air 
gap.  The outer conductor fit of all three samples was made to be quite tight so as to eliminate 
any air-gap at the outer conductor interface.  Figure 2.12 below demonstrates the 
measurement of the uncorrected real part of the relative permittivity. The Rexolite material is 
used as a standard in material characterization measurements and has a complex permittivity 
of 2.53+0j.  Examination of the data indicates as expected that the inclusion of an air-gap 
brings down the real permittivity since air has a lower permittivity than the material under 
study. 
     As can be seen, a number of sources for uncertainty arise in broadband measurements 
utilizing the transmission-reflection method of permittivity and permeability determination.  
In subsequent experimentation as seen in chapters 3 and 4 below, the air-gap uncertainty and 
the uncertainty associated with sample position in the sample holder were minimized as 
much as possible by tight size tolerance in sample dimensions and careful experimental 
procedure.  Uncertainty may still exist due to these problems, but is significantly less than the 
systematic uncertainty associated with the measurement process itself.  The systematic 
measurement error is typically less than five percent and is due to mismatches at the ports, 
loss in the coaxial cables an sample holder, error produced by the VNA, sample plane 
irregularities, air-bubbles inside the samples, and other sources of uncertainty. 
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Figure 2.11:  Comparison between the air-gap corrected and the uncorrected real relative 
permittivity for S60 glass microbubbles embedded in paraffin wax.  The uncorrected data is 
represented in the upper set of measurements, while the corrected data is the lower data set.  
Correcting the air-gap causes the permittivity to rise.  Notice a maximum shift in permittivity 
of 0.25 is observed indicating the significance of the air-gap as a source of uncertainty. 
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Figure 2.12:  Utilizing the equation 19, measurement results for the uncorrected real relative 
permittivity of Rexolite samples with differing sized inner radii.  Notice the reduction in 
permittivity that results from the inclusion of air which has a lower real permittivity than the 
material under study. 
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3.   EFFECT OF RELATIVE HUMIDITY ON THE CURING 
AND DIELECTRIC PROPERTIES OF POLYURETHANE-
BASED COMPOSITES  
 
 
 
3.1   Introduction 
 
 
     Of principle importance in the production of composite materials for particular 
electromagnetic applications, such as for shielding or absorption of electromagnetic 
radiation, is tight control of the complex permittivity and permeability of the final product.  
Some commonly used matrix materials are highly moisture-sensitive, and variations in 
environmental relative humidity (RH) may affect the way in which the matrix cures.  
Broadband measurements of complex permittivity and permeability were conducted in the 
frequency range 0.5 to 18 GHz, on a polyurea/polyurethane hybrid dielectric matrix with 
approximately spherical ferromagnetic particles dispersed throughout. The effect of water 
uptake on the electromagnetic properties of the composite was examined as a function of 
time during the curing process of the polymer material, for various values of relative 
humidity in the range from 0 to 90%. Humidity control was achieved through the use of 
desiccators containing various saturated salt solutions.  
Complex permittivity and permeability were measured using the coaxial 
transmission/reflection method for determination of S-parameters, utilizing a vector network 
analyzer as described in chapter 2. Conversion of S-parameters to complex permittivity and 
permeability was accomplished using the well-known Nicholson-Ross-Weir algorithm [2,4]. 
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The complete method, including a discussion of uncertainty analysis, is presented by Baker-
Jarvis [3].  
It was determined that, during the curing process, water uptake into the polymer matrix 
alters the dielectric properties of the material. This behavior is attributed to the polar nature 
of the water molecule, and manifests itself as an increase in the magnitude of the real 
permittivity of the composite as a function of increasing relative humidity and time. The 
permeability was seen to increase slightly as a function of the relative humidity. These 
observations demonstrate explicitly that the bulk electromagnetic properties of composites 
containing moisture-sensitive polymer matrices depend upon humidity control in material 
preparation.  
 
3.2   Composite Material  
 
     The composite material studied consists of a polyurea/polyurethane hybrid polymer host 
matrix with ferromagnetic iron inclusion particles uniformly dispersed throughout.  The 
polymer comes as a polymer resin and a separate polymer base in which the inclusion 
particles are pre-mixed.  When the resin and base are mixed in a prescribed ratio, a filled 
polyurea/polyurethane hybrid is created by an exothermic reaction.  Both the precursor resin 
and base materials, as well as the mixing ratio, were provided by ARC Technologies Inc. [2].  
The first precursor is composed of an aromatic urethane polymer, medium density 
isocyanate, and propylene carbonate. The second of the polymer precursors is composed of 
diethyltoluenediamine and polyether amine.  
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One of the ingredients of the resin precursor is isocyanate which has a tendency toward water 
uptake [4].  Uptake of water into polyurethane has two potential effects, either temporary 
plasticization or permanent degradation or both.  Moisture plasticization causes the material 
to exhibit a reduction in tensile strength and hardness, which can be reversed with moisture 
removal.  A cured polyurethane which had moisture penetration prior to curing, however, 
exhibits hydrolytic degradation which is not reversible as the pendant water molecules 
remain bound to the final polymer.  For electromagnetic applications this is important as the 
properties of the final polymer are altered significantly by this bound moisture.  The water 
can cause permanent change in the cured physical and electrical properties of the system due 
to hydrolyzation of functional groups present in the polymer chain, leading to both chain 
breakage and loss of cross-linking [3].  Because water is a polar molecule, its presence can 
significantly change the dielectric properties of the cured system, even when bound due to 
bending-mode and rotational-mode absorption.   
     Several studies have been done to understand the effect of moisture absorption in 
polyurethanes.  Attenuated total reflectance Fourier-transform infra-red (FTIR) spectroscopy 
has been used [4, 3, 8] although in reference [9] this is augmented with small-angle X-ray 
scattering measurements.  Some studies utilize fluorescence techniques to monitor water 
uptake in polyurethanes [10].  Absorption and desorption of water vapor in alkyd and 
polyurethane varnish is studied in reference [11] by means of quartz crystal microbalance 
measurements.  Reference [12] focuses on a quantitative determination of isocyanate 
concentration in urethane films, cross-linked under controlled humidity environments, using 
FTIR spectroscopy.  The research indicates that the reactions of isocyanate groups with OH 
groups during cross-linking are inversely proportional to the relative humidity (RH) of the 
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environment.  With higher concentrations of water, less cross-linking occurs due to 
competition between the two mechanisms.  As this material is used as a microwave absorber 
over a particular, and usually narrow, band of frequencies, if water absorption changes the 
dielectric properties significantly, control of the absorption band can be compromised. 
      
 
3.3   Experimental Procedure 
 
     To prime the ingredients prior to mixing, the polymer precursor was pre-loaded with 
spherical iron particles approximately one micron in diameter, then agitated physically on a 
paint-can mixer to ensure the even distribution of filler particles.  Pre-weighed batches of the 
resin precursors were then hand-blended in the mass ration specified by ARC Technologies 
Inc. [8].  The blended material was quickly pressed between aluminum plates, pre-sprayed 
with Teflon-based release spray, to nominal thickness of 1mm produced by corner spacers.  
The Teflon based spray improved the ability to detach the composite sheet from the 
aluminum plates after pressing/curing.  After pressing, the upper aluminum plate was 
removed and the pressed sheets were placed inside a desiccator and degassed under vacuum 
for 30 minutes to extract any residual air trapped in the polymer matrix.  Next, the composite 
sheet still resting upon the lower aluminum plate was placed inside a desiccator in which the 
relative humidity was maintained at a constant value by the use of various chemical 
compounds.   Figure 3.1 below demonstrates an SEM image of the distribution of the 
ferromagnetic material after mixing and curing as well as general particle shape.  Figure 3.2 
 35
below demonstrates  a 25X image of a 0% RH sample showing the discontinuities that arise 
in surface structure.  By placing the prepared composite sheets in an environment in which 
the relative humidity is controlled, the amount of water absorbed by the composite can be 
varied and controlled.  This phenomenon was observed by Ludwig and Urban for 
polyurethane coatings, and is attributed to the presence of isocyanate groups in the pre-cure 
mixture [9].    
 
Figure 3.1:  SEM image of the ferromagnetic inclusion particles demonstrating volume 
distribution and particle sphericity. 
 
 
Figure 3.2:  25X magnification SEM image demonstrating surface irregularities and air-
bubble inclusions. 
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Figure 3.3: 500X magnification SEM image demonstrating particle dispersion throughout the 
polymer matrix for a 27% RH sample. 
 
 
 
Figure 3.4:  30X magnification SEM image demonstrating sample nonuniformity for a 27% 
RH sample.  Note that deformities as large as this one compared to sample size were rare but 
did occur. 
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Figure 3.3 above demonstrates a zoom in on a 27% RH material sample and demonstrates the 
relative uniformity of mixing of the inclusion particles.  The lighter blotches in the host 
matrix are believed to be areas of polymer in which the affect of water uptake has occurred, 
particularly as higher RH sample images demonstrated larger areas of contrast in the polymer 
as seen in the figure 3.5 below.  Figure 3.4 above demonstrates a deformity in a 27% RH 
sample.  Such extreme deformities were quite rare though they did occur, as most exhibited 
only slight edge deformation or small air bubbles, all of which lead to increased uncertainty 
in measurement.  Figure 3.5 below shows a similar image to that of figure 3.3, although at 
84%RH.  Again, the lighter regions of the polymer appear more prominently, evident perhaps 
of increased water uptake into the polymer matrix. 
 
 
Figure 3.5:  500X magnification SEM image of 84%  RH sample demonstrating particle 
dispersion.  Light blotches are believed to be portions of the polymer matrix where water was 
absorbed, as the blotch density increases with RH. 
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     The isocyanate groups are highly reactive to water, which is absorbed at the expense of 
cross-linking in the cure process. The real and imaginary parts of the permittivity of water by 
itself can be represented by the Debye equation:  
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Where ε
∞ 
is the high frequency limiting relative permittivity, ε
s 
is the static permittivity, and τ 
is the relaxation time [10].  At 25 degrees Celsius and 1 GHz, ε’ is determined to be 78.16 - 
j3.79, demonstrating a high dielectric constant due to the polar nature of the water molecule 
[13]. At 10 GHz, ε’ is reduced whereas ε’’ increases such that the dielectric constant is 62.81 
- j29.93. It is expected that absorption of water into the curing composite will have a strong 
effect upon the dielectric properties of the material, due both to the reduction in cross-linking 
and the presence of loosely bound water in microscopic pockets with its relatively high 
dielectric constant.    
       Controlled RH environments were created by placing over-saturated salt solutions in 
insolated desiccators.  The RH was determined from the empirical formula: 
 
)/exp( TBARH =                             (2), 
 
where T is the temperature in Kelvin, and A and B are empirical constants specific to the 
particular saturated salt solution utilized [13].  Accuracy of the RH empirical formula is 
typically on the order of 2%.  Table 3.1 below gives the pertinent details of the creation of 
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the RH environments.  One set of measurements was taken in ambient RH.  This was 
determined to be 27% by averaging the RH conditions in the laboratory over the course of a 
measurement cycle during the curing process. 
 
RH(%) Compound T Range ( C° ) A B 
   0 
  27 
  84 
Anhydrous calcium sulfate (CaSO4) 
Ambient conditions 
Potassium chloride (KCl) 
         --    
         -- 
       5-25 
  -- 
  -- 
49.38 
 -- 
 -- 
159 
 
Table 3.1:  Chemical compounds and conditions used to create the constant relative humidity 
environment (RH). 
 
 
 
     Electromagnetic parameters of the materials were measured, over the frequency range 0.5 
to 18 GHz, by placing samples in a section of transmission line and measuring the S-
parameters as described in chapter 2 and references [2,3,4]. The transmission line utilized 
was a 7mm coaxial line attached to a low-loss, beadless, air-line sample cell connected to an 
Anritsu 37347C vector network analyzer.  The sample holder and pertinent parameters are 
shown schematically in figure 2.3.  The complex permittivity and permeability of the sample 
were determined from the measured 2-port reflection and transmission coefficients according 
to the method described by Nicholson-Ross-Weir [2,4].  Due to singularities in the 
permittivity and permeability at multiples of one half wavelength, the sample thickness was 
kept small (less than 1mm) to eliminate problems with the Nicholson-Ross-Weir algorithm.  
Also, calculated values for the permittivity and permeability are highly sensitive to the 
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position of the sample within the sample cell (parameters l
1 
and l
2
). All of this leads to 
significant system uncertainty and the need for careful sample preparation and placement 
during measurement.  
     Samples were prepared, of 7mm outer diameter coaxial size, from the composite sheet 
material at days 1, 2, 4, and 8 of cure. At an early stage of the curing process, the material is 
mechanically soft and may deform to an extent that a good measurement is not possible.   
Material cured in the 0% RH environment was not suitable for sample preparation until day 
63 of cure.  Material cured at 27% RH was mechanically soft for 2 out of 3 samples on day 1 
of cure such that only one useful measurement was produced for this RH for day 1.  This is 
due to a mechanical outcome of the effect of ambient RH on the curing process.  Except for 
these two case examples, five samples were created for each measurement, with the results 
averaged after analysis to reduce random uncertainty associated with the measurement 
process.  The samples were created from the sheet composite material by punching with a 
custom-made punch adhering to strict tolerances for the inner and outer diameter.  Care was 
taken to punch the samples only from visually sound regions of the composite sheet.  
However, on a microscopic level, variations in the spatial arrangement of the filler particles, 
its surface quality, and the extent of trapped air left after de-gassing all contribute to 
measurement uncertainty.  The inner diameter was specified by measuring the diameter of 
the inner conductor of the sample holder at several points along its length. For this 
measurement a Fowler Ultra Digit Mark IV micrometer was used, with systematic 
uncertainty 1 µm. The diameter of the inner conductor was found to be 3.034 ± 0.002 mm. 
The outer diameter was taken as given by the manufacturer of the sample cell: 7.000 ± 0.004 
mm. A strict tolerance on the inner and outer diameter of the samples (nominally ± 5 µm 
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[14]) is necessary to reduce or eliminate any air gaps between the sample and sample cell for 
inner and outer radii, which can lead to under-measurement of ε’ [16]. The resulting samples 
exhibit a good fit within the coaxial sample-holder for both the inner and outer radii, 
minimizing air-gap uncertainty. The length of each sample, parameter l, was measured using 
the digital micrometer.  On measurement, the dielectric properties of the samples with the 
highest RH curing environment are expected to show a significantly higher dielectric 
constant, thus altering their electromagnetic frequency-dependent absorbtion properties. 
 
3.4   Observations and Results 
 
     Measured values of the real relative permittivity demonstrate a strong dependence upon 
the environmental relative humidity, even from the beginning of the curing process. Figure 
3.6 shows a comparison of measured values for the real relative permittivity and permeability 
of the polymer composite for samples cured in 84% and 27% RH, for frequencies 1 and 10 
GHz, as a function of cure time.  Figure 3.7 shows a comparison of measured values for the 
real and imaginary relative permeability for the same RH values and frequencies as figure 3.6 
as a function of day of cure.  Notice the significant difference in values for ε’ at the different 
RH values, as well as the slight rise in ε’ for the 27% RH samples as curing progresses. The 
84% RH samples clearly, after one day, have a higher real permittivity than the 27% RH 
samples.  
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Figure 3.6: Real and imaginary relative permittivity as a function of the day of cure for 27% 
(open symbols) and 84% (filled symbols) RH samples, measured at 1 (diamonds) and 10 
(triangles) GHz. 
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The value of ε’ for the samples cured in 84% RH also appears relatively flat as a function of 
cure time, indicating that electromagnetic property development is substantially complete 
even on day 1.  The 27% RH samples show a rise in real relative permittivity as a function of 
cure time, indicating that property development is continuing at least through day 4.  The 
magnitude of the imaginary relative permittivity is greater for 27% RH, however, no 
significant trend arises for the imaginary permittivity as it does for the real values.  The data 
is also somewhat scattered, a factor that is magnified by the somewhat compressed y-axis for 
the imaginary relative permittivity.  The effect of RH seems to concentrate its effects  in the 
real value of permittivity as expected given the large magnitude of water’s real dielectric 
constant and water’s relatively minor imaginary component.  At higher frequencies, however, 
the effect on the imaginary component was greater as evident in the 10 GHz data shown in 
figure 3.6 above.  A thorough error analysis was not undertaken, thus the uncertainties shown 
in Figure 3.6 are derived from scatter in values measured on different 7mm samples taken 
from the same sheet. This is likely to under-estimate the true uncertainty.   In contrast, in 
examining figure 3.7, the real relative permeability of the composite is not strongly 
influenced by the RH of the curing environment, or the cure time. Measurements made on 
the samples from the 0% RH environment at day 63 yield a real relative permittivity of 9.7 ± 
0.1 at 1 GHz, and 8.6 ± 0.1 at 10 GHz. The real relative permeability was found to be 3.1 ± 
0.1 at 1 GHz, and 1.8 ± 0.1 at 10 GHz. Even after 63 days of curing, the real relative 
permittivity for the sample cured in 0% RH remains lower than that seen for the 27% RH 
sample at day 8, as anticipated. The real relative permeability values are similar to those 
measured on day 8 for the samples cured in 27% RH. 
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Figure 3.7: Real and imaginary relative permeability as a function of the day of cure for 27% 
(open symbols) and 84% (filled symbols) RH samples, measured at 1 (diamonds) and 10 
(triangles) GHz. 
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Figure 3.7 above shows the experimentally measured real and imaginary parts of the 
permittivity over the broadband frequency range 0.5 to 18 GHz for the 84% RH samples. 
Figure 3.9 below demonstrates the experimentally-measured real and imaginary permeability 
as a function of frequency over the same range for the 84% RH samples, at the same 1, 2, 4, 
and 8 days of cure.  These curves are the averages of measurements on several samples at 
each day of cure.  The oscillations visible in the real permittivity are largely due to residual 
mismatches that occur, after system calibration, when the sample cell is reconnected to the 
test-port cables between measurements.  Another source of error arises from sensitivity to the 
uncertainty in the sample position within the co-axial sample cell, slight deformation of the 
sample planar-edges during sample placement, and variations in microstructure and/or 
surface quality from sample to sample.  Notice the strong relaxation in the real permeability 
due to the magnetic filler particles, further heightened by the logarithmic scale used on the 
frequency axis which shows the strong absorption process occurring due to ferromagnetic 
resonance.  Figure 3.10 below demonstrates the measured real and imaginary permittivity as 
a function of frequency over the range 0.5 to 18 GHz for the 27% RH samples at days 1, 2, 4, 
and 8 of cure.  Likewise, figure 3.11 below demonstrates the real and imaginary permeability 
as a function of frequency over the same range for the 27% RH samples over the same cure 
progression. 
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Figure 3.8: Real and imaginary relative permittivity as a function of frequency for samples 
cured in 84% RH. Measurements are made at days 1, 2, 4 and 8 of cure. 
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Figure 3.9: Real and imaginary relative permeability as a function of frequency for samples 
cured in 84% RH. Measurements are made at days 1, 2, 4 and 8 of cure. 
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Figure 3.10:  Real and imaginary relative permittivity as a function of frequency for samples 
cured in 27% RH. Measurements are made at days 1, 2, 4 and 8 of cure. 
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Figure 3.11:  Real and imaginary relative permeability as a function of frequency for samples 
cured in 27% RH. Measurements are made at days 1, 2, 4 and 8 of cure. 
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Again, serious anomalies in the measured data for a given day of cure, for instance in figure 
3.10 for the real permittivity at approximately 14 GHz (day 1) and 12 GHz (day 8) are likely 
due to the broad range of systematic errors in the measurement process which have been 
discussed above.  For figure 3.10, the real permittivity at 27% RH is seen to increase 
progressively with day of cure.  The real permeability, on the other hand, undergoes a slight 
reduction with curing at 27% although the change is less significant compared to 
permittivity.  In figure 3.11, examination of the imaginary permeability shows a slight 
reduction in the magnitude of the relaxation peak, although again, only a slight reduction 
occurs.  These results are seen also in figure 3.4, where the 27% RH measurements increase 
as curing progresses until day 4, after which they remain approximately constant for real 
permittivity.  Most important is that the real permittivity is significantly higher for samples 
cured at 84% RH than at 27% RH, for the entire duration of the experiment.  Evidence 
suggests that the electromagnetic property development in the composite is much faster in 
the higher RH environment, since the real permittivity is approximately constant over the full 
period of the experiment for the 84% samples, and no initial rise is observed.  From figure 
3.7, diagramming the measured values for the permeability as a function of the day of cure, it 
can be seen that the difference between real permeability cured at different RH is 
significantly less than for permittivity, although the real permeability for samples at 27% RH 
falls below that for 84% RH as curing progresses.    
     Figure 3.12 below demonstrates the real relative permittivity and permeability as a 
function of RH.  The data at 0% RH was obtained at 63 days of cure for reasons of  
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Figure 3.12:  Real relative permittivity and permeability as a function of relative humidity of 
curing environment, at 1 GHz (o) and 10 GHz (*). 
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mechanical softness discussed above.  Other data was obtained at 8 days of cure.  Again, the 
increase in real permittivity as a function of RH is clearly observed whereas that of the real 
permeability is not significant.  This evidence helps to support the notion that absorbed water 
in the host matrix during curing imparts its relatively high real permittivity, due to its polar 
nature, in the cured composite material when attached to isocyanate groups. 
 
 
3.5   Conclusions 
 
 
     The electromagnetic properties of the polyurea/polyurethane-based composites studied 
here are significantly influenced by the presence of water vapor during the curing process, as 
evidenced by the significant difference in the real relative permittivity of samples cured in 
different RH environments. This difference is caused primarily by water uptake into the 
polymer matrix, which alters the dielectric properties of the composite material due to its 
strong polar nature and high value of real relative permittivity. Furthermore, examination of 
the complex permeability over curing time shows that the magnetic properties of the material 
are not influenced to as great a degree as the dielectric properties by the relative humidity of 
the curing environment.  
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4.   EFFECTIVE MEDIUM STUDY OF IRON COMPOSITE AT 
MICROWAVE FREQUENCY  
 
 
 
 
4.1   Introduction 
 
 
 
     Of principle importance in the design of artificial dielectric materials for particular 
electromagnetic applications is an understanding of the intrinsic material parameters such as 
permittivity and permeability.  In particular, artificial dielectrics consist typically of 
heterogeneous materials made up of a host matrix with one or more dispersed inclusion 
materials.  Knowledge of the material properties is central for applications as diverse as 
electromagnetic shielding, microwave heating, and electromagnetic absorption among many 
others.  In order to understand such complex systems, careful experimental methods must be 
utilized to accurately measure the effective material properties exhibited by these materials.  
Theoretical models must then be utilized to understand and eventually predict the 
fundamental electromagnetic processes underlying the observed material properties.   
     Effective medium theories or EMT’s have been utilized in the literature for describing 
heterogeneous materials for some time, and typically approach the problem from a 
reductionist view in that the constitutive parameters of the heterogeneous material are 
determined from the intrinsic parameters of each of the individual materials of which the 
composite is derived.  Thus the properties of the complex heterogeneous material come 
directly from an understanding of each of its components.  In electromagnetic applications, 
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the intrinsic parameters of interest typically include the complex dielectric constant, or 
permittivity, and the magnetic permeability.  Furthermore, in electromagnetic applications, 
the inclusion material usually is particulate in nature.  Typically, the problem of determining 
the effective magnetic permeability is nearly identical to determining the dielectric response. 
     One problem that arises when the size of the inclusion material is similar or greater than 
the size of the wavelength of incident electromagnetic radiation, is that the skin depth in the 
inclusion material becomes important as eddy currents can be set up within the inclusion 
material.  The skin depth also depends upon the conductivity of the material and can be 
written for the case of a general lossy material as: 
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where α is the attenuation coefficient, γ is the complex propagation coefficient, σ is the 
conductivity, ω is the radial frequency, µ is the permeability, and ε is the permittivity of the 
material.  The wavelength in a material is related to the radial frequency by: 
 
ωpiλ /2 Phasev= ,                                      (2). 
 
Thus the skin depth depends upon the conductivity, the wavelength, and the intrinsic material 
parameters of a given material.  Eddy currents produce a magnetic field of their own, which 
by Faraday’s Law and through superposition, tend to reduce the effective magnetic fields 
propagating through the material, and thus have an effect upon the effective permeability of 
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the composite material.  Furthermore, resistive loss in the inclusion material affects the eddy 
currents introducing loss into the electromagnetic response of the material itself, thus the 
eddy current effect adds both a diamagnetic effect and a certain degree of electromagnetic 
absorption.   
     Several studies have tackled this aspect from various approaches.  Lam proposed a 
solution in which the inclusion material consists of spheres whose centers are located at the 
lattice sites of a cubic lattice.  The result is a solution for the effective magnetic permeability, 
including eddy-current effects, in the quasi-static limit [16].  Others have proposed alternate 
versions of classic effective medium theory to account for eddy-current effects [17, 18].  In 
this investigation, eddy-current effects were accounted for using the Lam-model resulting in 
predictions for permeability which did not change as a function of frequency when compared 
to classical EMT’s that do not include the eddy-current effect, as will be shown below.  
Furthermore, it was discovered that the effective medium theories which did not include eddy 
currents were more accurate in modeling the composites examined in this study, indicating 
that the skin depth in particulate inclusions of the size order examined was not appreciable in 
producing the effective material properties due to eddy current effects. 
     Homogeneous filler spheres have been studied extensively, producing a great deal of 
measurement data and theoretical comparison.  Some groups have focused on the percolation 
threshold, the limiting case for inclusion volume loading before the sample takes on metallic 
properties due to the production of conduction paths through the sample from touching 
inclusion particles [19, 20, 21].  Such conducting paths, particularly if a complete path exists 
from one side of the sample to the other, drastically alter the electromagnetic response of the 
composite material and are unwanted as the effective permittivity and permeability become 
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quickly uncontrollable, losing their dielectric properties.  Usually, such percolation paths 
appear at a threshold volume loading level and are thus critical-point phenomena.  Other 
groups have focused on the magnetic susceptibility as the intrinsic material parameter of 
interest [19, 20].  Changing the shape of the filler particles has also been intensively studied 
with some groups working on cylindrical or rod-shaped inclusions [22, 19], fibrous 
inclusions [22, 23], flakes and thin plates [24, 25], pyramidal particle distributions[26], 
spheroid [27], and  irregularly milled particle inclusion [28].  Some groups have even done 
studies of multiple fillers [29].  Most of these investigations have utilized some form of the 
classic effective medium theories, though some have used iterative techniques to further 
refine the calculation of the effective permittivity and permeability [16].  Iterative techniques 
applied to the classical models of Maxwell and Claussius-Mossotti invariably produce 
models which tend to the same effective permittivity as the asymmetrical Bruggeman model 
for low volume fractions of inclusions, as will be discussed later this chapter.  Others have 
utilized a theory based upon spectral density functions as a way of assembling the effective 
material properties [30]. 
     In this investigation, emphasis is placed upon the direct comparison between theoretical 
models of heterogeneous dielectric materials and experimental measurements of a particular 
system consisting of spherical ferromagnetic inclusions within a nonmagnetic paraffin wax 
matrix.  Measurement of permittivity and permeability was conducted over a frequency range 
0.5-18 GHz for a wide range of volume loading of inclusion material, from one to sixty 
percent.  Such a system exhibits an interesting response in the microwave frequency range 
arising from a strong ferromagnetic relaxation inherent to the ferromagnetic inclusion 
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material, allowing one control over the absorption band by altering material parameters such 
as inclusion size, volume loading, and inclusion shape.   
     Theoretical modeling of the composite system was produced via effective medium theory 
in which known values for the host and inclusion permittivity and permeability are combined 
together to produce effective material parameters of the composite.  The permittivity and 
permeability of the paraffin wax is well known in the literature to be 2.25 + 0.0005625*j  
[13], while the values for the inclusion permittivity and permeability were produced by both 
a simple Debye relaxation model [31] and by the results of Osipov et al. [30] which are 
specific to particulates and of the bulk material properties of the ferromagnetic material.  
Figure 4.1 below demonstrates, as a function of frequency, the results of both the Debye and 
Osipov models for the inclusion real and imaginary permeability.  Comparison with various 
effective medium theories including models by Maxwell-Garnett (MG) [31], Clausius-
Mossotti (CM) [31], the symmetrical and anti-symmetrical models of Bruggeman [31], Lam 
[16] and Looyenga produced the best match for the permeability with the model by 
Looyenga [32] both as a function of volume loading and as a function of frequency.   
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Figure 4.1:  Comparison of the real and imaginary permeability used for the inclusion 
particles as a function of frequency for both the Debye and Osipov models.  Notice the 
differences at which the ferromagnetic relaxation occurs. 
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With the exception of Lam, all of the above models utilize averaging effects as a means of 
predicting the intrinsic material parameters of the heterogeneous system. 
 
4.2   Composite Material Fabrication and Experimental 
Procedure 
 
 
     The composite material utilized in this investigation consisted of a paraffin wax matrix 
material with spherical, solid ferromagnetic iron inclusion particles uniformly dispersed 
throughout.  The particulate inclusion particles were manufactured and supplied by ARC 
Technology, Inc.  Paraffin wax was utilized for its ease of use in molding, its well-
established permittivity and permeability in the frequency range and its low deformation 
threshold which reduced air-gaps between sample and holder when the sample was placed in 
the sample cell during measurement.  Individual material samples were prepared with 
volume fraction loading of inclusion material of 0, 1, 2, 5, 10, 20, 30, 40, and 50 percent 
loading.  The samples were prepared by measuring the requisite weights of paraffin and 
ferromagnetic particulates on a precision microbalance.  After mechanical mixing, the 
composite material was heated to just over the melting point of paraffin wax, then cooled 
through the transition temperature with constant mechanical mixing.  This was done to 
ensure the resulting mixture was as uniform as possible, with no visible clumping of the 
inclusion material.  The material was then placed into a custom made mold and compressed 
for over two minutes at three tons of pressure in a hydraulic press to produce small ring-
shaped samples to be placed in the measurement apparatus.  This eliminated any residual air 
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bubbles that may have resulted during mechanical mixing.  Except for volume loadings in 
excess of 60%, the samples all had the same final appearance with no noticeable cracks, 
deformities, or non-uniform inclusion aggregates.  An SEM micrograph of the inclusion 
material is presented in figure 4.2 below and demonstrates the particle size distribution.  
Notice from the micrograph that most of the particles have spherical geometry but some are 
deformed and definite aggregation or clumping of the particles is visible in places.     
 
 
Figure 4.2:  SEM micrograph demonstrating the dispersion of the ferromagnetic inclusion 
particles.  Note the included length scale of 5 micrometers. 
 
 
The actual size distribution as determined by a Microtrac Inc. analyzer using water as a 
supporting fluid is presented in figure 4.3 below.  Note that an approximate mode for size 
distribution is approximately 3.5 µm.   
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     Electromagnetic parameters of the material were measured, over the frequency range 0.5 
to 18 GHz, by placing samples in a section of transmission line and measuring the S-
parameters as described in chapter 2 for the Nicholson-Ross-Weir algorithm.  The 
transmission line utilized was a 7mm coaxial line attached to a low-loss, beadless, air-line 
sample cell connected to an Anritsu 37347C vector network analyzer.  The thickness of the 
sample material was chosen such that the singular behavior of the Nicholson-Ross-Weir 
algorithm, for sample length equal to multiples of one half of a wavelength in the material, 
could be avoided.   Table 4.1 below demonstrates the thickness of the three samples 
measured for each volume loading fraction.  Notice that the thickness decreases with 
increasing volume loading due to the problem with integral multiples of half wavelength, as 
higher volume loading implies a shorter effective wavelength in the material. 
 
 
Figure 4.3:  Microtrac Inc. analyzer produced graph demonstrating the distribution of sizes 
for the ferromagnetic inclusion particles.   
 62
 
 
Nominal Volume 
fraction 
Actual Volume 
Fraction 
Sample 1 
(mm) 
Sample 2 
(mm) 
Sample 3 
(mm) 
0.00 
0.01 
0.02 
0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.00 
0.01 
0.02 
0.05 
0.113 
0.201 
0.299 
0.4 
0.5 
0.599 
2.97 
2.891 
3.076 
3.093 
2.153 
2.065 
1.087 
1.157 
1.171 
1.198 
3.057 
2.851 
2.969 
3.064 
2.277 
2.082 
1.154 
1.113 
1.216 
1.237 
2.949 
2.673 
2.873 
2.909 
2.154 
2.177 
1.168 
1.117 
1.158 
1.180 
 
Table 4.1:  Sample length for three samples at each of the volume loading fractions used for 
measurement. 
 
 
The sample holder and pertinent parameters are shown schematically in figure 2.3 above.  
Placement of the sample within the sample cell essentially breaks the transmission line down 
into three distinct regions as described in chapter 2.  Permittivity and permeability 
determination becomes a boundary value problem.  The complex permittivity and 
permeability of the sample were determined from the measured reflection and transmission 
coefficients according to the method described by Nicholson-Ross-Weir [2,4].  This 
algorithm allows one to determine the permittivity and permeability explicitly, but suffers 
from some instability.  In particular, the solutions for both the permittivity and permeability 
are unstable at integral multiples one-half wavelength in the sample material.  The length of 
each sample, parameter l, was measured using a Fowler Ultra Digit Mark IV micrometer with 
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systematic uncertainty 1 µm.  Also, calculated values for the permittivity and permeability 
are highly sensitive to the position of the sample within the sample cell (parameters l
1 
and l
2
).  
All of this leads to significant system uncertainty and the need for careful sample preparation 
and placement during measurement. In particular, the elimination of air-gaps between the 
inner and outer radii of the sample placed in the sample holder must be maintained as a 
necessity to reduce systematic error propagation.  A strict tolerance on the inner and outer 
diameter of the samples (nominally ± 5 µm [14]) is necessary to reduce or eliminate any air 
gaps between the sample and sample cell for inner and outer radii, which can lead to under-
measurement of ε’ [15].  The created samples, due to slight over sizing and wax deformation, 
exhibit a good fit within the coaxial sample-holder for both the inner and outer radii, 
minimizing the air-gap uncertainty, and increasing precision in the experimental results. 
 
4.3 Results 
 
     The experimentally measured results for both permittivity and permeability were found 
for each of the volume loading fractions.  Figure 4.4 below demonstrates the measured values 
found for real and imaginary permeability plotted as a function of frequency for each of the 
volume loading fractions.  Notice immediately the trend in the data.  For the permeability 
data , higher loading fractions show stronger relaxation due to the strong ferromagnetic 
resonance of the iron inclusion particles than lower volume loading fractions, with higher 
loading shifting the relaxation frequency to lower values.   
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Figure 4.4:  Measured values for both real and imaginary permeability as a function of 
frequency for each of the volume loading fractions. 
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Values for the relaxation frequency are given in table 4.2 below for p = 0.2 through p = 0.5.  
For P < 0.2 it is difficult to determine the identity of the relaxation frequency with sufficient 
certainty.  A small step discontinuity in the data at 2 GHz is a measurement artifact.   
 
 
Volume Loading fraction Relaxation Frequency GHz Uncertainty GHz 
0.20 2.3 0.3 
0.30 2.1 0.2 
0.40 1.7 0.2 
0.50 1.6 0.1 
Table 4.2:  Relaxation frequency at various volume fractions. 
 
 
The permittivity of the samples is approximately constant over the measured frequency 
range.  Figure 4.5 below demonstrates the real and imaginary permittivity values found for 
each of the volume loading fractions.  Increasing volume loading causes an increase in the 
magnitude of the real and imaginary permittivity.  The real permittivity is seen to range from 
2.29 to 26.2 from volume loadings of 0.00 to 0.50 respectively. 
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loading fractions. 
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4.4   Modeling 
 
Figure 4.6 below shows the raw data obtained from the measurement of three separate 
samples with a volume-loading fraction of 2% for both the real and imaginary permeability.  
Likewise, figure 4.7 and 4.8 demonstrate the data obtained for and 10 % and 40% volume-
loading fraction for three separate samples respectively.  Inconsistencies in the measured 
values as a function of frequency between the three measured samples, particularly for the 
data obtained for 2% loading, are most likely due to uncertainty arising from sample plane 
misalignment, air-gap errors in sample placement, and from residual mismatches in the 
measurement process itself due to cable reconnect after calibration.  Typical variation in 
measured values is observed to be about 5%.  Notice the significant increase in permeability 
as a function of volume loading, as  
well as the more pronounced relaxation effect.  The included models are derived from the 
work done by Looyenga and the permeability is given by: [32] 
 
33
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where p is the volume fraction loading, iµ  is the permeability of the inclusion material, and 
hµ is the permeability of the host material.   
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Figure 4.6:  Real and Imaginary permeability as a function of frequency for volume loading 
fraction of 2%.  The model by Looyenga is incorporated demonstrating the difference 
between a Debye and Osipov representation of the permeability of the inclusion material. 
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Figure 4.7:  Real and Imaginary permeability as a function of frequency for a volume-loading 
fraction of 10%.  Note again the inclusion of the Looyenga model with Debye and Osipov 
versions. 
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Figure 4.8:  Real and Imaginary permeability as a function of frequency for a volume-loading 
fraction of 40%.  Note again the inclusion of the Looyenga model with Debye and Osipov 
versions. 
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To determine the permeability of the inclusion material, two separate methods where 
employed, first a simple Debye model of the ferromagnetic relaxation, and second a method 
derived from the work of Osipov [30, 31], discussed below.  The single Debye relaxation 
model is given as: 
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in which )0('µ and 
∞
'µ are the low and high frequency, constant, real relative permeability 
values for the relaxation process respectively.  To model the relaxation process observed for 
measured frequencies, the value of )0('µ was chosen to be 100, while 
∞
'µ was chosen to be 
zero.  Osipov uses spectral density functions to solve the inverse problem, determining the 
permeability of inclusion iron particles from composite material measurements for several 
discrete frequencies.  To produce the model given above in figures 4.6, 4.7 and 4.8, the 
results of Osipov for the permeability of iron were used to estimate values for the frequency 
range above.  The mean radius of the Fe particles used in the Osipov study was 3µm, in the 
same size range as the particles used in the measurements above. This is important as the 
permeability of small Fe particles differs from the bulk permeability of iron.  Notice that the 
Debye model gives a better fit with the measured data for the higher frequency regions 
(above approximately 8 GHz) while the Osipov model works well for the lower frequency 
range (1 to 4 GHz).   
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     In an attempt to model the effective permittivity of the composite material, several 
theories have been developed in the literature utilizing averaging techniques, including the 
model by Looyenga seen above in equation 1 and figure 4.6, 4.7 and 4.8, which have been 
well established for volume fractions below the percolation threshold.  These include the 
effective medium theories of Maxwell, Maxwell-Garnet, the symmetric and anti-symmetric 
Bruggeman models, and Lam [16, 30, 31],.  All of these models work well for the case of the 
dilute limit as their effectiveness decreases as the inclusion density approaches the 
percolation threshold, where particles become conglomerates and conduction paths form due 
to particle-particle contact.  The formulas for each of the effective medium theories are 
presented below.  The Maxwell model gives for the effective permeability: 
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where iµ  is the inclusion material permeability, p is the volume loading fraction, and hµ is 
the host material permeability respectively.  The Claussius-Mossotti relation is given by: 
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The relation for the symmetric Bruggeman model is given as: 
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Finally, the asymmetric Bruggemen relation is given by: 
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All of these models are defined for randomly dispersed, spherical inclusion particles with 
minimal particle-particle coupling.  The equations for permittivity are identical with the 
substitution of epsilon for mu.  The wavelength of electromagnetic excitation is assumed to 
be much larger than the size of the inclusion particles. Also, the calculated permeabilities are 
complex values.  The model by Lam utilizes a different approach.  It assigns the inclusion 
particles to simple cubic lattice points and uses an iterative method to produce the effective 
permeability as a series expansion in powers of the volume fraction of the spheres.  Eddy 
current effects are included in the derivation.  Because of packing effects, the maximum 
filling of a simple cubic lattice (BCC) is 63%, limiting the maximum volume loading utility 
of the Lam model.   
     Figure 4.9 below demonstrates the real permittivity as a function of volume fraction for 
the various models with measured data.  The measured data points represent an average over 
the values found for the three samples produced at each volume fraction.  Notice that at low 
volume fractions, all of the models agree favorably with the experimental results, while at 
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higher volume fractions the asymmetrical Bruggeman formula matches best with the data.  It 
can be shown that the other models when used iteratively, or in the differential limit of the 
iterative process, all converge to the asymmetric Bruggeman formula accept Looyenga’s 
which is based on other assumptions [30].   
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Figure 4.9:  Real permittivity vs. volume fraction for the various EMT’s and measured values 
at 10 GHz. 
 
 
The asymmetrical Bruggeman equation thus has some fundamental significance as a 
representation of spherical metallic particles uniformly dispersed in a host continuum up to 
the percolation limit.   
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     Mismatch between model and experiment also occurs due to inevitable particle clustering, 
particle deformity from the spherical limit, and nonuniform particle dispersion in the host 
matrix.  Figure 4.10 below shows the imaginary component of the permittivity.  In figure 
4.10, the difference between measured values and the models is magnified due to the 
logarithmic scale used.   
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Figure 4.10:  Imaginary permittivity vs. volume fraction for the various EMT’s and measured 
values at 10 GHz. 
 
 
The rogue data point in the measured permittivity values is most likely due to the 
measurement uncertainties discussed above.  Figure 4.11 demonstrates the real permeability 
vs. volume fraction, while figure 4.12 demonstrates the imaginary permeability vs. volume 
fraction.  For the real part, the Lam model does the best job of matching the experimental 
results for lower volume fractions, while the Looyenga model works best for higher volume 
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loadings.  For the imaginary part, the asymmetric Bruggeman matches best with 
experimental values.  From figure 4.11, one can see that the Lam model is singular at a 
volume loading value above 63%, indicative of the point where the individual spheres at the 
SC lattice points come into contact, however, for lower volume fractions it agrees quite well 
with the other models and the experimental data.  This might indicate that the inclusion of 
eddy current effects in particles of the size observed here does not significantly affect the real 
permeability.  This is further illustrated in figure 4.12, in that the asymmetrical Bruggeman 
model best represents the data and does not itself contain corrections for eddy current effects. 
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Figure 4.11: Real permeability vs. volume fraction for various EMT’s and experimental 
values at 10 GHz. 
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Figure 4.12: Imaginary permeability vs. volume fraction for experimental data and EMT 
models at 10 GHz. 
 
 
 
 
4.5   Nickel Measurements 
 
     In the course of investigation, samples of nickel powder were measured in the same 
manner as the samples for iron.  Ni powder was loaded in wax samples, maintaining the same 
sample thickness and volume loading ratios as for the iron powder.  Modeling of the data was 
not attempted, however, a comparison of the measurements for the Ni and Fe is possible.  
Figure 4.13 below demonstrates the real and imaginary values  vs. frequency for the various 
volume loading fractions. 
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Figure 4.13:  Real and imaginary permeability values for Ni powder in wax for the various 
measured volume loading fractions. 
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gure 4.14:  Measured values of real and imaginary permittivity for Ni in wax for the various 
volume loading fractions. 
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One can see that a ferromagnetic resonance again occurs in our frequency range due to the 
natural ferromagnetism of Ni, but it can be seen that the response is not as strong as that seen 
in the Fe samples.  Fe samples had a decrease in real permeability of about 5 over the 
frequency range, while the Ni samples had a decrease in real permeability of only 
approximately 2.  From the imaginary permeability measurements, no definitive frequency 
for the relaxation is observed for the various volume loadings, as opposed to the Fe samples 
where for higher loadings, a definite frequency was observed.  Figure 4.14 above shows the 
real and imaginary permittivity vs. frequency for several volume loadings.  Again, the real 
permittivity is fairly constant over the frequency range, except for 50 % loading.  The Ni 
samples, like the Fe samples, showed a gradual increase in permittivity as volume loading 
increased.  The difference in the 50 % data probably resulted from measurement error, as the 
samples became highly brittle at this loading and slight fracture in the sample holder was 
observed. 
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4.6   Conclusions 
 
 
     In this investigation, the results of measurements conducted utilizing the 
transmission/reflection method of permittivity and permeability determination were 
compared with several effective medium theories.  As a function of volume loading of 
spherical ferromagnetic material, significant increases in both real and imaginary permittivity 
and permeability were observed.  The observed trend in the data was well modeled by all the 
utilized EMT’s for volume fractions below 0.1, however, the asymmetrical Bruggeman 
model was best suited for real permittivity and imaginary values for both permittivity and 
permeability.  The Looyenga model was seen best fit for higher volume fractions for the real 
permeability.  The limitations of all the models becomes apparent for very high volume 
loading values, however, as other mechanism become predominant including clustering and 
eventually percolation.  A model that takes these factors into account becomes necessary for 
these higher loading fractions, particularly as higher loadings are where significant changes 
to permittivity and permeability are observed.   
 
 
 
 
 
 
 82
5.  CONCLUSIONS 
 
 
 
      
     The electromagnetic properties of the polyurea/polyurethane-based composites studied 
here are strongly influenced by the presence of water vapor during the curing process, as 
evidenced by the significant difference in the real relative permittivity of samples cured in 
different RH environments. Water absorption in the polymer matrix during curing is the main 
cause of the change in the dielectric properties of the composite due to the strong polar nature 
of the water molecule and high value of real relative permittivity. The magnetic properties of 
the material are influenced to a far lesser degree by the relative humidity environment as seen 
by an examination of the real relative permeability. 
     Use of effective medium theories to model the material parameters of permittivity and 
permeability as a function of frequency and volume loading yielded interesting results.  As a 
function of the volume loading, for iron powder in wax samples, significant increases were 
observed for both the real and imaginary permittivity and permeability.  For low volume 
fractions, below approximately 0.1 loading fraction, all the EMT modeled the permittivity 
and permeability well, while for higher loading fractions, the asymmetrical Bruggeman 
model was best suited for the real and imaginary permittivity and the imaginary permeability.  
The Looyenga model was best suited for modeling the real permeability for higher volume 
fractions.  At very high volume fractions, of approximately 0.5 and higher, all the models 
became significantly divergent from the measured results.  This is most likely due to the 
onset of other mechanisms including clustering and percolation, which must be accounted for 
in future EMT’s. 
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